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This paper prnenti a companion of a tingle nozzle and a dual nozzle strut bated ejector. The reiulti are 
Ibeused the fhtkl properties tu the ejector duct Tbe research focused ou choking mechanisms, matt flow 
entrainment, and mixing duct pretture dlitrlbutloni. The two ejectort were tetted at equivalent primary 
mat* flow rate* Tbit corres pon d s to chamber pressure* ranging fram libpti, to 9m psl In the stogte nettle 
itrut and SO ptl to 4S0 pti In the dual nozzle itrut. Secondary flow wat drawn from the lab at atmoipheric 
pressure, and was not controlled. The secondary flaw wat found to choke at a value of 2.3 IhA for a primary 
matt flow rate of approximate^ 2.1 Ib/t for both ejectort. Thii choke wat believed to be a matt addition 
choke rather than a traditional aerodynamic choke. The mixing duct pretture distribution exhibited two 
distinct trends a "low pretture" trend and a "high pretture" trend. For the low pretture trend, the mixing 
length far the ejectors rem ai n ed fixed around H laches, regardless of the chamber pressure, For the higher 
pretture trend, the mixing length wat considerably longer and Increased with Increasing chamber pressure. 
At high chamber pressures (high mass flow rates), a supersonic core flow was present at the exit of the duct. 
For these cases, the two flow streams did not have time to mix by the end of the duct. 
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1. Introduction 

C ombined Cycle Propulsion (CCP) technology shows promise few next generation launch vehicles, 1 Since a 
combined oy ele engine incorporates several modes of engine operation into the same flow path, the optimum 
perfermsnee mode cart be uttteed in each flight regime, A typical Rocket Based Combined Cycle (RBCC) 
engine would operate in a rocket or ducted rocket mode for takeoff and initial acceleration to about Mach 2-3, 
transition to ramjet mode until Maeb 44, and then transition to seramjri operation. Above Mach 64, seramjet 
operation is unrealistic, and the engine would operate at a pure rooket to accelerate into orbit, 
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The Strutjet 2 is one of the RBCC system* uniter consideration, This online consists of a variahle geometry duct 
wi& vertical engine itruta mounted internally, Each strut has several rocket nozzles embedded within it, The 
engine operates in the faur model discussed earlier: ducted rocket, ramjet, seranyet, and pare rocket In the 
airbreathing modes, atmospheric air is ingested into die inlet and flows between the struts into the mixing section, 
The air cvxidizer is mixed with the ftid rich rocket exhaust and combusted The combustion products are accelerated 
through an exit nozzle to provide the thrust, 

A fundamental understanding of ejector physics is an enahhng technology to realize an operational RBCC 
propulsion system, Past theoretical and experimental ejector studies have considered one-dimensional, 
axisymmetiie, or at best two-dimensional geometries. Concepts such as the SJrutjet use a complex asymmetric, 
three-dimensional flow path, The University of Alabama in Huntsville (UAH) Propulsion Research Center (PRC) 
has an ongoing research program to characterize asymmetric ejector performance m terms of mass flow entrainment 
and stream mixing. This study will help guide design of future RBCC systems and provide valuable data for 
validatuag computational fluid dynamic simutatioBS of complex ejector systems 


II. Facility Description 

The UAH PRC cold flow ejector facility was originally designed to approximate the flow path of the Aerojet Strufjet 
concept. 2 As shown schematically in Figure 1, the flow path consists of a rectangular cross section duct 4.5 in. wide 
by 3 in, tall. An elliptically contoured converging inlet is located on the front end of die duct to provide uniform 
airflow from the laboratory A magic stmt is installed in the duct approximately 25 inches downstream of flic inlet 
The PRC has been experimenting with two struts, a single nozzle strut and a dual nozzle shut. The struts, shown in 
Fig. 2, have identical rectangular cross sections 1 inch wide ty 7 inches tall. Rocket nozzles are embedded in the 
struts to provide the primary flow stream for the system. These nozzles have identical geometries with area ratios of 
approximately 4,66 and transition flora a circular throat to a square exit. The dual nozzle strut also has a turbine 
exhaust slit approximately 0,094 in wide located between the two rocket nozzles, For this series of testing, the slit 
w as not utilized, and was therefore filled 



Figure 1. UAH Strwt Ejector Flow Path (Not ta Scale) Figure 2. CAD Drawings of Dual and Stogie 

Noxsle Struts 


The PRC ejector facility is shown in Fig, 3, The facility consists of two air tanks with a combined volume of 
524 cubic feet, 1 .25 in. stainless steel supply tubing, a PID controller to regulate chamber pressure, and the duet, A 
single strut is installed in the duct far a particular test The duet exits into a constant area sheet metal difltiaer that is 
open to the laboratory, An array of 48 static pressure taps arc located along die centerlines of the top and side walls 
of the duct The tops are spaced 0. 5 inches apart far the firm 10 inches, and 1,0 inch apart far 28 inches that fallow. 
Ten static pressure taps are loeated on the centerline of die sidewall in the strut gap region of the duct, This region 
is located upstream of the rocket nozzle exit plane between the strut and the sidewall oT the duct (see Figure 1 > An 
aerodynamic fairing is loeated on die upstream end of die strut to provide uniform flow in the strut gap region. A 
Pitot-static probe is embedded in this fairing fa measure the stagnation and static pressure of the secondary (induced) 
flow. A Pitot-statie probe is also loeated at die exit plane of the duet. This probe measures the stagnation and the 



static pressure of the presumed Mly mixed (low at the exit of the duet The probe is mounted to a traversing 
mechanism, so the pressure can be recorded at various positions across the exit plane. 



A pressure tap is also located in the chamber of the rocket nozzle to measure the chamber pressure of die rocket, 
The chamber pressure measurement is connected to a (feedback loop of the HD controller to maintain a relatively 
constant chamber pressure for the experiment. In addition to the pressure instrumentation of the duct, two 
thermocouples are located in the duet One measures the temperature of the rocket chamber, and the other measures 
the temperature of the secondary air stream. An outside barometer/thermometer is used to measure the atmospheric 
pressure and temperature in the lab at the time of each test 


III. Previous Research 

The UAH PRC has an mooing research program to characterize asymmetric ejector performance and fluid 
mechanics. The initial studies were focused on the mixing between the rocket and turbine exhausts with the 
ingested ah 54 wing laser induced florescence for flow visualization. The study examined toe mixing as a ftmerien 
of the ratio of chamber pressure to turbine exhaust pressure. A complimentary study was performed to examine the 
rocket induced flow Held in the rectangular duct for the dual nozzle strut. 4 The induced airflow as a fUnchon of 
primary rocket flow rate was measured Pitot pressure traverses were used to examine the expansion rate of the 
rocket and turbine exhaust plumes, and assess mixing losses. Pressure traverses were also made in the strut gap 
region where toe secondary flow choke was believed to occur, At toe time oftoeae studies, toe mstoumenlabon was 
limited, 

The facility was refurbished after this initial scrim of testa. Additional pressure taps were added along the top 
and sidewalls of the mixing duct and in the strut gap region A series of tests on die single nozzle strut were 
performed to examine details of the choking and mixing process. 7- * This work was recently extended to higher 
pressures and was presented at die 200? Joint Propulsion Conference 9 Reference 9 included date from a limited 
number of tests. This paper presents data from additional single nozzle teste, as wed as a complete set of dual 
nozzle tests, 


IV, Test Procedure 

For each test series, the storage tanks are pressurized to 2300 psi to ensure that a complete set of chamber 
pressures can he tested. When the test begins, the chamber pressure of the rocket nozzle is e&lahhshed at one of the 
desired (set) pressures, and measurements are taken along the duet, When ten measurement! of each of the top wall 
and sidewall pressure taps have been taken, the chamber pressure is ramped up or down to toe next set pressure. 
Tests have been performed in steps of increasing chamber pressure and in steps of deereasing chamber pressure to 




assess any hysteresis effects- For tests examining the mixing duc( pressure distribution, the test is run for a period of 
time long enough for 10 measurements to be taken at each of the 48 pressure taps along Ore top and side wall. A 
mechanical scant valve is used to record pressure measurement at a given tap and then stove to the next postton 
along the mixing duct. Each tests requires approximately 2 minutes of flow time to complete the 10 eyles. For the 
pressure distribution, mass flows, Mach number, and strut gap pressure results, toe data presented consist of average 
values from ten separate tests, For pressure traverses across toe exit, traces were taken at five different locations 
from toe centerline to the top wall. The traverses consist of movement flora toe center of toe duet to toe side wall. 
The probe was stopped in 1 1 distinct locations and took 1 5 measurements at each stop, This data was then averaged 
at each position, to create toe plot. 


V. Results 


A. Mass Flow 

For RBCG applications, the secondary flow mass entrainment is a critical aspect of the air breathing portions of 
flight The mass flow of the secondary air as a IVmetien of chamber pressure is critical in establishing mixture ratios 
for engine operation and the amount of onboard oxidizer that will he required, Fw the current experimental 
apparatus, secondary mm flow is calculated flora toe stagnation and static pressures measured by a Pitot-static 
probe upstream of the strut, and from the inlet temperature of toe flow, With the area of the duet at the measurement 
locations known, the mass flow is calculated according to 



( 1 ) 


This equation is based on idealized flow, Geometry effects of the rectangular duet inlet are not included. The 
ram flow of toe primary stream is calculated based on the assumption that the flow is choked at the throat of the 
rocket nozzle using the equation 



where the chamber pressure is specified for the test, and toe chamber temperature is measured by a thermocouple in 
the rocket chamber Figure 4 shows the variation of both primary mass flow and secondary mass flow plotted 
against the chamber pressures for both the single and dual nozzle strut, 




Chamber Pressure (psi) 

Figure 4 Secondary sad Primary Mw Flew (Dual and Stage Noasle) 


A» can be aeen in the figure, the secondary flow for both the single and dual nozzle appears to reach a 
maximum at a mass flow of around 2,4 Ibte For the single norale this occurs at a chamber pressure of 
approximately 600 psi, for the dual nozzle, this occurs around 300 psi, Since the nozzle exit area for the dual nozzle 
is twice that of the dual nozzle, the maximum secondary flow occurs around the same primary mass flow for both 
shuts, This corresponds to a primary mass flew of approximately 2,1 tb/s. This can be seen more clearly in 
Figure S» which shows the secondary mass flow plotted agiaost primary mass flow for both nozzles. 



Bttawy Mass Flowflhfs) 


Figure S Secondary Mass Flow versus Primary Mass Flow (Dual and 

Stage Nainfc) 

Figure 5 indicates that flic maximum secondary mass flow occurs near the same primary mass flow, Ibis 
indicates that the secondary flow is a Amotion of momentum rather than exit pressure of the nozzle. The choke 
which occurs is more Ukely a mass addition choke than a geometric choke as identified by Fabri'*, Also noticeable 
in Figure 5 is that the secondary flow for the dual wrale rs in general shghtly less than that of the single norate for 
the same primary mass flow rate until the choke is reached, 






Mass flow entrainment is another important parameter in RBCC applications- This quantity is the amount of 
secondary flow that can be induced for a given primary mass flow. Figures 6 and 7 show mass flow entrainment 
using a parameter eeUed fee suction ratio, which is eeteutated by 
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wher^y?s the secondary mass flow ami^s the primary mass flow. Figure 6 shows the suction ratio plotted 
against the rah© of the nogale chamber pressure to the secondary flow stagnation pressure (atmospheric pressure). 
Figure 7 shows the suction ratio plotted against primary mass flow rate, 
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Figure 0 Suction Ratio Versa* Pressure Ratio 
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Figure 7 Saetiea Ratio Versa* Primary Mass Flaw 
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The Mach number of the secondary flow upstream of the strut and the presumed mixed flow at the exit of the 
duct were nest evaluated. Total and static pressures were measured upstream of the strut far the secondary flow and 
in the center of the duct exit for the mixed flow, The resultant Mach numbers were determined from the ratios of the 
measured total and static pressures. Two separate equations must he used depending on whether the flow is sonic or 
subsonic, For the subsonic flew ahead of the strut the Mach number M is calculated by 



(4) 


where Pos is the stagnation pressure measured by the Pitot probe, P* is the static pressure measured by the probe, 

and y is the ratio of specific heats (equal to 1 ,4 for air), % « 

TV »vit flflw muM ho subsonic or supersonic- When the flow is suMtmic Eq (4) ts used When the flow 
is supersonic, then a ahoek will form In front of the blunt probe, The stagnation preasure measured by the probe will 
y pre pa re the downstream fsMhaaaiet side of trie shock wave (Po2V For such a case the free stream flow 
Mach number (M t ) is derived from the pressure measurements by using 




( 5 ) 



In this equation. l*i is a static pressure measured on the upstream (free stream) side of the shock. In the present 
experiment*, a static preiiure on the sidewall of toe duet at toe exit plane i* uoed for toe itatie pressure, and toe 
stagnation pleasure is measured with a Pitot prohe to toe center of toe exit plane. To piek which equation is 
required, toe ratio of toe stagnation pressure to static presume is determined, If this ratio is less than l ,89, then toe 
flow is subsume, and Bq (4) is used If toe pressure ratio to greater than 1 .89, then the flow will he some, a shock 
will form in front of the prohe, and Bq, (5) must be used. 

Figure 8 shows the Mach numbers of the secondary flow and the mixed flow at the duct exit far both the sir^le 
and dual nozzle stouts at each of the studied chamber pressures. For all tests the secondary flow Mach number 
reached a constant value of approximately 0- 28 at a primary chamber pressure of approximately 600 psi (hr the 
single nozzle stout and a chamber pressure of approximately 300 psi for toe dual nozzle strut, This is consistent with 
the secondary mass flow choking indicated in Fig* 4 and 5 For the single nozzle strut, the Mach number at the duct 
exit increased to a value of approximately 0,623 where it began to level off around a chamber pressure of 600 psi, 
As chamber pressure increased further, toe Mach number began to increase again. For chamber pressures of 800 
and 900 psi toe exit pressure measurement* indicated that toe flow was supersonic, For the dual nozzle strut, the 
same trend appears. The exit Mach number remains subsonic far chamber pressures of 350 of lower Altooughtoe 
data does not appear to level off as toe single nozzle does, the plot shows a jump to supersonic flow for chamber 
pressures above 400 psi. The mixing duet pressure profiles shown later will indicate this is because the secondary 
flow has not folly mixed wito the supersonic core of the primary jet at these conditions, 

Figure 9 shows the inlet and exit Mach numbers plotted against primary mass flow Again, as noted earlier, an 
equivalent primary mass flow for toe dual nozzle stout corresponds to half the chamber pressure in toe single nozzle 
stout la toe figure it is evident that toe secondary flow chokes at a mass flow of approximately 2,3 iMsec for both 
toe dual and single nozzle, In Figure 9, it can also be seen tost toe flow goes from subsonic to supersonic at 
approximately the same ptimaiy mass flow rate. This indicates that toe momentum effects present in toe ejector 
system are the driving influence in toe flow features and toe pressure effects have less impact, The highest maeh 
number reached for toe dual nozzle flow was approximately 1,3, while toe highest maeh number for the single 
nozzle strut was approximately 1.1, 
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Figure 8 Inlet and Exit Centerline Mach Numbers versus 
Chamber Pressure (Stagte and Dual Nantes) 
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C, Strut Gap Pressures 

While the plot* of Figure* 4 and 5 end Figure* 8 and 9 indicate diet the secondary flow become* choked, the*e 
plots do not indicate the type of choke which occurs In a confined Rector system like toe facility at the FRC there 
are two primary mean* of choking the secondary flow a* shown in Fig, 10, When a flow i* restricted by a minimum 
geometric area (such as toe thtoat of a nowk\ it may choke at that point The maximum mass flow that may pass 
down toe duct is limited to toe maximum mass flow that may pass through that restriction This type of choke is 
referred to as an aerodynamic choke The other type of choke, a mass addition or Fahri choke , is caused by the 
restricting of toe secondary flow between the outer duet wall and toe expanding plume of toe primary jet, The 
secondly flow isstiU oat tolly mixed with toe primary flow and is acting independently The plume boundary acts 
a* a wall for toe secondary flow and the maximum ms** flow for toe stream is that which can pas* through toe area 
created by toe waU and toe phime boundaries. 

Aerodynamic Choke 



Figure It Choktog Mechanisms In a Confined 

Ejector System 


In order to determine toe type of choking mechanism for toe UAH ejector facility, toe secondary flow slat*? 
pressures in toe minimum geometric area of the strut gap were examined, If toe choke is an aerodynamic choke it 
will occur in toe shut pip region. Figures 11 end 12 show toe ratio oftoe wall static pressure to toe secondary flow 
total pressure at each of toe ten pressure tap locations in toe strut pp, AU of toe chamber pressures tested are shewn 
on the plot* 





Because of the scale of the plots and the protomity of several s^LfiCdlgto^uneeTtatoty bars are not shown. The 
uncertainties for these data points range from 0,5% to 3,5%. Th ^dashed U n§jin the figures shows the sonic limit 
(PsfFcs s 0,528 tor 1 -4). A pressure ratio at or below Ads point wouldTlStieate the presence of an aerodynamic 

choke, 


Initially, as the chamber pressure is increased, die strut gap pressure ratio decreases and approaches the sonic 
limit, When the chamber pressure reaches a value of around 600 psi (single nozzle) and 350 psi (dual nozzle), the 
pressure ratio begins to increase (away from toe sonic limit). This movement away from toe some limit would 
indicate diet toe flow in toe strut gap is not choked in this region at these higher pressures. 

Figures 11 and 12 show pressure ratios measured in the two tests of Figs, 9 and 10 tor chamber pressures 
between 500 and 980 psi, The plot scale is expanded and uncertainty bars have been added, As can be seen, the 
plots become very congested when uncertainty bars are shown. These plots indicate toe flow is approaching an 
aerodynamic choke in the strut gap region what for chamber pressures around 650 psi. However, as the chamber 
pressure is increased beyond 650 pal toe pressure ratio obviously begins to increase away from toe sonic limit. At 
toe highest chamber pressures of each figure toe secondary pressure ratio is well above toe sonic ratio suggesting 
that an aerodynamic choke docs not occur in toe strut gap region. These results indicate a complex change in flow 
behavior when the driving primary jet pressure increases between 600 and 700 psi, The mixing duet pressures were 
next evaluated to help etarify this phenomena. 
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Figure H Single Nozzle Strut Chip Pressure Ratios 



Distance From Nozzle ©to (to,) 

♦ 50 ■ 100 4 150 

X 200 a 250 *300 



Figure 12 Dual Nozzle Strut Gap Pressure Ratios 


For each chamber pressure and tor both nozzles, toe pressure ratio drops as toe flow approaches toe nozzle exit 
plane, From a test to test standpoint, as toe chamber pressure is increased, the strut gap pressure ratio decreases and 
approaches toe some limit. When the chamber pressure reaches a value of around 650 psi, toe pressure ratio begins 
to increase (away from toe sonic limit). This movement away from the sonic limit would indicate that the flow in 
toe strut gap is not choked at these higher pressures-. 

Figures 13 and 14 shows pressure ratios measured for toe single nozzle strut at chamber pressure set points 
between 5Q0psiand9Q0psiandtortoe dual nozzle strut at chamber pressure set points between 250 psi and 450 
psi, The plot scales are expanded, These plots indicate the flow is approaching an aerodynamic choke in toe strut 
gap region tor chamber pressures around 650 psi (stogie nozzle) and 350 psi (dual nozzle) However, as toe 
chamber pressure is increased above these values, the pressure ratio obviously begins to increase away from toe 



T 

sente tout. At the highest chamber pressures of each figure the secondary pressure* ratio is weU above the sonic 
ratio suggesting that an aerodynamic choke does not occur in the strut pp region, <4jj)the Dual Nozzle Fig. 14, the 
pressure rati© appears to reach the sortie Emit in the strut gap region, however the movement away from this 
pressure limit at higher chamber pressures, while the mass flew remains constant (Fig, 4) indicates that an 
aerodynamic choke is not present in this region. The uncertainty bars (if shown) would indicate that the true value 
may be above the sonic limit. These results do however; indicate a complex change in flow behavior when the 
driving primary jet pressure increases. The mixing duct pressures were next evaluated to help clarify these 
phenomena. 
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Figure 13 Single Nozzle Strut Gap Pressure Figure 14 Dual Nozzle Strut Gap Pressure Ratios 
Ratios (Higher Chamber Pressures Only) (Higher Chamber Pressures Only) 


D. Mass Flow Calculations 

Figure 4 indicated that the secondary flow becomes ehoked around a pressure of 500 psi for the single nozzle and 
2S0 psi tor die dual noisle At these point Figs, 1 1-14 indicate that the secondary pressure ratios in the strut gap are 
not within the sonic limit, This suggests that the secondary flow ehoking must be a mass addition ehoke in the 
mixing duet downstream of toe strut. As chamber pressure is increased, there is tittle to no observable change in the 
secondary mass flow rate, This trend alone does not conclusively prove that the ehoke does not change from a mass 
flow ehoke to an aerodynamic choke However, if it is assumed that an aerodynamic ehoke occurs in the strut gap, 
the mass flow rate can he estimated from the secondary flow stagnation temperature and pressure according to the 
classical one-dimensional, ideal flow equation 


m^POf 





t?” 


( 6 ) 


where A is the eross sectional area of the strut gap region. Based a secondary flow total pressure of approximately 
14.7 psi, Eq, ($) produces a maximum mass flow of 12 Ibmte for toe secondary flow stream Figure 4 indicates that 
the secondary mass flow chokes with a mass flow equal to 2.3 lbm/s. 


Equation (6) is an idealized equation that yields an order of magnitude value. It neglects many aspects of the 
flow which may lower the estimate* of mas* flow such a* boundary layers, non-uniform velocity profile*, thermal, 
and viscous effects. The mass flow rates shown in Figs. 4 and 5 are also idealized to some extent The Pitot-static 
pressure ratio* were measured on the duet centerline and used to calculate a Mach number, The secondary flow was 
assumed to be incompressible baaed on the resultant calculated Mach numbers that were less than 0.3 (see Fig. 7) 
The density and temperature of the secondary flow to this point were assumed to be constant, The temperature was 
used to calculate a speed of sound- The speed of sound was then used to calculate velocity from Mach number. 
Finally, the secondary mas* flow rate was determined from velocity and density, 

Although the incompressible flow assumption seems reasonable, there is an unknown velocity profile across the 
duet, The calculated secondary mass flow rate is based on the maximum centerline velocity Mid is thus somewhat 
larger than toe actual value. Even if toe non-ideal nature of toe duet flow is accounted tor, toe experimentally 
determined mass flow rate is approximately 2/3 of he theoretical value required for an aerodynamieally choked 
flow. Although toe strut gap pressure ratios indicate slightly inconsistent results, it is believed toe secondary flow 
choking is most likely due to a mass choke downstream of the rocket exit plane rather than an aerodynamic ehoke in 
the strut gap, 

E. Mixing Section Static Pressures 

Static pressure measurements along toe centerlines of toe top and side walls of toe duet downstream of toe strut 
exit plane are used to evaluate mixing of toe primary and secondary flow streams, Figure 1 5 shows a plot of toe top 
and sidewall pressures tor toe single nozzle shut at a chamber pressure of 200 psi. Figure 16 shows a plot of toe 
mixing duct pressure distribution for toe dual nozzle strut at 100 psi chamber pressure (mass flow comparable to 100 
psi in the single nozzle strut! The pressures in toe figure have been normalized by dividing by toe secondary flow 
total pressure at the inlet (the lab atmospheric pressure), 



Figure IS: Mixing Duct Pressure Distribution 
Single Nozzle Strut (Pc ■ 200 pal) 



Figure 16 Mixing Duct Pressure Distribution 
Dual Nozzle Strut (Pc ■ 100 psi) 


As can be seen in both figures, toe side wall pressure at toe nozzle exit starts at a value approximately equal to 
toe last strutgap pressure ratio, then gradually recovers, In boto oases, pressure has recovered between 13 to 20 
inches downstream. The top wall pressure trace shows that initially near toe base of toe strut there is a region of 
high pressure as the secondary flow tries to turn toe comer around toe strut. This is believed to he a region of 
separated flow. Approximately 0.5 inches downstream of toe exit plane, toe top well pressure drops sharply to 
match the sidewall pressure and then begins a gradual recovery until it reaches a pressure ratio value near 1 at 
between IS to 20 inches downstream of toe exit plane. These trends were common in both single and dual nozzle 
plots for toe lower chamber pressures tested (100 to 300 psi for toe single nozzle, and 30 to 230 psi for toe dual 
nozzle). For all of these lower pressures, the recovery location varied Utile, Top and side wall pressures recovered 
between 15 to 20 inches downstream of toe nozzle exit plane, However, toe magnitude of the initial pressure drop 
increased wito increasing chamber pressure- The pressure traces of toe top and sidewall track each other very well 
The flow is considered to he tolly mixed at toe point where toe two pressure* equalize with atmospheric pressure, 



For higher chamber pressures. Be > 600 psi (single) and Be >500 pet (duel) the pressure distribution plots 
showed a different trend. Figure* 17 Kid 18 ghow the mixing duet preiiure dirtribution* for the «ingle nozzle at a 
chamber pressure of 800 and for the dual nowle at a chamber pressure of 400 psi respectively 
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Figure 18 Dual Noizd Miring Duct Pressure 
Distribution (Be ■ 400 psi) 



In Figures 17 and 18, the aidewall pressure ratio continues to decrease after passing the strut exit plane and then 
reaches a region of approximately stable pressure with some pressure discontinuities due to flow structure, then 
begins to recover farther downstream, But the mixing length for these higher chamber pressures is considerably 
longer than for the lower pressure eases- la bote figures, the top and sidewall pressures do not equalise with 
atmospheric pressure by die end of the duet. This is an indication of poor flow mixing in die duet. The region of 
separation within the first half inch of duet downstream of the shut is still visible in the first two measurements of 
the top wall pressure dace, In Figure 1 7, the pressures have just started to recover, however for the dual nozzle strut 
at the same mass flow (Figure 18) the pressure begins to recover around IS in. downstream of the stmt exit. 
Additionally, dine appear to be discontinuities in die pressures in the first 1 5 inches of the duet. This is particularly 
evident in the top wall trace. These spikes and dips in pressure are attributed to shock structure in the duet. 

The data in Figure 18 has much larger uncertainty than previous figures, This trend was common in die plots 
with the “high pressure” data trend. This large uncertainty is due to the unsteadiness of the flow, rather than 
traditional uncertainty, Plans are underway for additional testing with high speed pressure transducers to record 
these turbulent fluctuations. 

Because die embedded rocket nozzles are designed for optimum expansion at a chamber pressure around 650 
P« at sea level pressure, die change in behavior of the pressure traces was initially believed to be duo to the 
transition in plume behavior from over expanded to ideal then under expanded* However in light of die dual nesle 
data. It is behoved that this change in behavior is due to momentum effects, as it occurs around the same mass flow 
for the dual and single nozzles. For die single nozzle strut, the transition occurred between chamber pressures of 
660 psi and TOO psi. For the dual noetic stmt, this transition oeews around 350 psi, which was one of the chamber 
pressures investigated, At diis pressure, both pressure distribution trends were recorded in different tests. In some 
tests, the transition would occur half way through the test. It is believed that humidity has an influence on the 
pressure trend as well. On days with high humidity, die “low pressure" data trend would be recorded at a chamber 
pressure of 336, However, if the humidity was low, the "high pressure” data trend would be recorded. 

For die “high pressure" data bend, die duct length required for recovery to atmospheric pressure, seems to be a 
function of dumber pressure. This can he seenin comparing figures 17 and 18. In figure 18, die total pressure is 
much less than the total pressure for die single nozzle equivalent mass flow (not to he confused with static pressure 
in the mixing duet shown on the plot). As a result, the dual ncusde begins to recover around IS indies downstream 




of the nozzle exit, while for the single nozzle the pressure does not begin to recover until much further downstream 
(approximately 36 inches). 

An additional trend was noted in the dual nozzle stmt pressure distributions that was not seen in the single 
nozzle distributions, This bend occurred for mid range pressures in the dual nozzle strut (Pc * 200 psi - 300 psi), 
Figure 1 9 and 20 show the mixing duet wall pressure distributions (br the single nozzle at a chamber pressure of 500 
psi, and the dual nozzle at a chamber pressure of 230 psi 




Figure 19 Single Neale Mixing Duct Pressure 
Distribution (Pe « 699 p*fc 


Figure 29 Dual Noule Mixing Duct Pressure 
Profile (Pc -399 pel). 


In Figure 20, there is a “hump” in the top wall pressure distribution that occurs approximately 4 inches 
downstream of tine exit phene. This "tamp* appeals at 250 psi, and becomes more pronounced until the pressure 
distribution trend change occurs around 330 psi. This hump is not present in the single nozzle pressure profile* of 
equivalent mam flow, and Is believed to he due to the nozzle geometry effects (2 nozzles as opposed to 1 nozzle), 

VI. Conclusions 

This paper presents the results of a series of tests on a single nozzle and a dual nozzle strut based ejector The 
tests were conducted at various primary chamber pressure setpoints ranging from 100 to 900 psi (single nozzle) and 
SO to 450 psi (dual nozle> Chamber temperature in the stout rochet waa not varied other than its response to 
chamber pressure as an ideal gaa. Lab air at atmospheric pressure was drawn ttirough a contoured inlet into the duct. 
Secondary and muting duet exit, Mach numbers were determined from Fitotatatie probe measurements. Mixing 
duct static pressure distributions were also measured, Fluid behavior in the duet was examined with focus on 
mixing of foe flow streams, choking mechanisms of the secondary flow stream, mass flow entrainment. 

A, Mass Flow Augmentation 

A choke of the secondary mass flow was demonstrated at a chamber pressure of 309 psi and 230 psi for the 
single and dual nozzle ejectors respectively. This corresponds to a primary mass flow of approximately 2 lbm/iee in 
both ejectors. From the examination of stoutgap and duet wall static pressure protiles, it was concluded that the type 
of choke which occurs in the duct for all of the pressures examined wea a mass choke rattier than a traditional 
aerodynamic choke Although around some chamber pressures, the pressure ratios in the strut gap region appear to 
approach the pressure ratio indicating an aerodynamic choke, the consistent value of the secondary mass flow which 
is 33% less then the theoretical value fbr an aerodynamic choke indicates that the mass choke is still present and that 
the aerodynamic choke is never truly reached, 

Ratios of secondary to primary mass flow rate were investigated as a function of primary to secondary flow 
total pressure ratio. Secondary total pressure remained constant since the induced flow was entrained from ambient 
laboratory conditions. The largest mass flow augmentation occurred at the lowest primary total pressure setpoints 
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Aft primary total pressure increased, primary and secondary mass flow both increased until the secondary mass flow 
choked, Primary mass flow continued to increase with increasing setpoint pressure, while secondary mass flow 
remained constant after the choking point. Tins caused the mass flow ratio to decrease sharply J 

The secondary flow ehoked at a corresponding Mach number of 0,3 and a primary chamber pressure of 
approximately 300 psi (single nestle) and 130 pad (dual nettle) Mixing duct exit Mach numbet/were determined 
and found to reach a sonic exit ewe flow for chamber pressures above 700 psi (single nozzle) and 3 SO psi (dual 
nettle) In general, the exit Maeh number* were less than expected, and may he attributed to the enhanced mixing 
and three-dimensional effects of the asymmetric geometry, or losses in the long the mixing duct, 

& Mixing Duct Pressure Distribution* 

Two distinct patterns were visible in the pressure distribution plots of the mixing duet, For chamber pressures 
below 700 psi (single nozzle) and 330 psi (dual nozzle) the pressure traverses along the duct top and sidewalls 
revealed a possible top wall recirculation zone within the first 0,5 inches of the duct followed by a sharp decrease in 
pressure ratio The minimum pressure ratios ft* the top and sidewalls decrease with increasing primary driving 
presswe, The sidewall pressures in the region between 3 and 10 inches exhibit a significant dip in comparison to 
the pressures on the top wall This may mdkete acme type of local flow acceleration due to boundary layer growth. 
This may also be due to a different spreading rate of the supersonic core flow toward the sidewalls of the duct than 
toward the top and bottom walls 

For chamber pressures at or above 700 psi (single) and 350 psi (dual), the pressure traces revealed the same 
possible tap wall reerrculatiou zone within the first 0.5 inches of the duct followed by a sharp decrease in pressure 
ratio, This was followed by a more gradual pressure ratio drop to a value equal to approximately 0.3, This pressure 
ratio was relatively constant along die duct until a gradual recovery region occurs in which it appears the pressure 
ratio is trying to recover to the exit pressure, For single nozzle at the highest chamber pressures recorded, the duet 
does not appear to he long enough for the pressure to folly recover to atmospheric conditions Ibis is indication that 
at these high pressure ratios, the duet exhibits poor mixing between the secondary and primary flow streams. The 
higher chamber pressure plots also indicate the presence of shock structure in the duct evidenced by sharp 
discontinuities in the pressure ratios, 

C, Comparison to Previous Studies 

Comparisons to previous UAH PRC cold-flow mixing studies of a two-nozzle configuration provided insight 
into locations of suspected choking mechanisms. Mass chokes were clearly identified in the present study where 
they had not been in previous studios, Data was reconstructed from the twin nozzle studies in order to identify 
choking points. Although uncertainty information was lacking, it was concluded that the secondary flow chokes at 
approximately the same primary mass flow rate for both the twin and single nozzle configuration as found in the 
present study However, the fotal pressure for the two nozzles is half that of the single noele. This is consistent 
with momentum similarity. 

Results from the present study were compared to hot-fire results obtained in tests at the PSU Propulsion 
Engineering Research Center'*. The PSU ejector investigations included both a single and twin start rocket 
configuration The conclusions from PSU twin thruster tests suggested that the mixing length is a frsnotfon of the 
number of strut rockets, However, the present eold-flow study shows that foe mixing length in the duct is also a 
significant fioietfon of primary mass flow (and hence chamber pressure) The twm rocket study at PSU shows an 
enhancement in foe entrained mass flow over the single thruster configuration, However, in light of the present 
investigation of ehokatg mechanisms, this effect is eidy true if the nozzles are operated below the mass addition 
choke threshold. Had foe primary pressure of the single and twin thrusters been operated above this threshold, it is 
believed that entrained mass flow properties would be foe same regardless of foe number of thrusters employed 
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